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NATTONAL AINTSORY COMMITTEE FOR AERORAUTICS

' 'PBELDGIAR! INVESTIGATTON IN THE NACA LoV~ URBULENOE
TUNREL, OF. LOV-TRAG ATRFOIL, SECTIONS SUTTABLE
ronmmumu THE LEADING EIGE
By Albert E. von Doenhoff and Elmer A. Horton

SUMMARY

An investigation was carried out in the NACA low-turbulence
tunnel to develop low=drag ailrfoll sections sultable for -admitting
alr at the leading edge, A thickness distribution having the
desired type of pressure distribution was, found from tests of a
flexible model. Other alrfoil shapes were derived from this original
shape by varying ‘the thlgkness, the camber, the lea.ding-edge radius,
and the size of the leading-epdge opening. .

Data are presented giving the characteristics of the alrfoll
shapes in the renge of 1ift coefficients for high-aspeedi and crulsing
flight, . Shapes have been developed whlch show no substential
increane 1n drag over that of narmal low-drag type sectlions heving
minimm pressure at the same position aloug the chord. Meny of these
shapes appear to have higher critical compressibility speeds than
‘plain airfoils of the same thickness. Low-dreg alrfoil sections have
bsen dsveloped with openings -In the leading edge as large as
I1..5 percent of the maximum thickness. The range of 1ift cbefficients
for low drag ln seversl cases 1s nearly as large ag that of the
correspording plain airfoll sectlons.

Meagurements of maximum 1ift characteristice were mads for. only
a fow configurations epd no conclusions could be drawn as to what

effect the leading-edge opemings would have on the maximm 1lift
characteristics of the complete wing.

. JNTRODUCTION

The leading edgg of the wing hes proved to be a convenlent
location for the emtrance to air ducts. This location ‘is potentially



efficlent because the alr cdn be brought- to rest at this point
without loss of total pressure. The plecing of such openings in the
leading edge of airfolls can lead, however, to sarious increuses

in the externel. drag =md to pressure pesks near the leading edge
that can seriously reduce the oritical compressibility. speed.

Even a very small peak, ¢f course, eliminates the possibllity of
maintalning any extenaive regions of laminar flow.

Provious tests in the NACA low-turbulence tummel (unreported.)
showed the poasibility of admitting aelr efficlently at the leading
edge of low-drag-alrfoll sections without disturbing the laminar
layer. These tests, however, dealt with relatively small openings
about 10 percent of the maximum thiclkness on an alrfoil section of
2l-percent thickness. In order to limit the span of the opening
and to reduce duct losses, 1t 1s desirable to have as large an
opening as’ poscible and to admit the air at as low an inteke~
velocity ratio as poasible. The purpose of the present invesiigation
1s the development of low-irog-alifoll sectidns having large openings
in the leading edge. '

- In the development of the basic shapes, a model consisting of
two flexible metal sheets fitted wiih pressure oxrifices was used.
The model was wounted 1n the itest section in auch a manner that

its ‘shape could be altered from outslde the tunnel whlle the effect
on the pressure Alstridbullon could be observed on a miltitube
manometer. The .entrance~flow rate was controlled by maintaining a .
Tixed ratio of nose-to-tall openingss When the shape heving the
desired type of pressurc distribution was obtalned, the ordinates
of the shape were measured end the preuasure diatri‘bution vas
rocorded. The ordinates of the symmetrical section obtained in this
menner were plotied and falred; the faired ordinates were thon used
in the construction of a wooden model.- A more detalled investigation’
of the characteristicse of the airfoll section end the effect of
varlous changes in shape was carried out with wooden models.

The present investlgatlon dedls primarily with the determination
of soction characteristics in the range of 1lift coefficlents for
high-speed and cruising flight. Although ihe imporiance of determining
the offect of the use of these sections on the maximum 1ift of the )
wing 13 realized, it is felt that this effect can best be found
from tests of a complete airplane model rather than from tests of
& two-dimemsionel model of the nose-alr intake section. Because
the openings in the leading edge may extend over only a relatively
small portlon of the span, measurements of the maximum 1ift of the
nose-opening seotlons alone would not give reliable information
concerning the effect of the use of the sections on the complete airplane.
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For this reason systematic measurements of section meximim 1ift *
coefficient have not been madsj although some inrormation on thiB
au'bdect has been obtained for a few ccnditions. . .- .

The symbols used are defined as follows:
Vv  free-stream velocity -

..V . velooity of alr enteringthz nose opening
¢ trertrin traie e (7)

P locel sij.a.tio press‘lir_e |

H freeo-stream total prees'ure

8 pressure coefficient ( )

- Hg . total pressure at exit |
AH loss of total pressire thmugh duct (H Hy)
- og, section profile-drag coeffiolent (g_‘—g)

‘o," section 1ift coefflotent (E%)

a angle of attack, degrees
fle.p deflection, desrees
area of trailing-edge ezit
area of leadi;:g-pdge entrame I
distance along ohorcl from lea.di:ng edge of e.iri’qil
y distance parpendioular to chord . -.. '
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é chord

p. m@sa density

do gsection drag . ;
t section 1lift

R Reynolds number

APPARATUS AND MRTHODS

The Anveastigation of low-arag airfoil sections
reported berein was carried out in the NAOA low-turbulence
tunnel, which is designed to test modela in two-dimensional
flow., Thie tunnel has a test section 3 feet wide and 74
feet high. The turbhulence level of the air stream 1n the
tvanel is extremely low. Turbulence measurementis wita a
hot-wire anemometer 1indlcate that the flunetuatlions of
velocity are lees than 0.1 percent.

The flexible model, which conslated of two 0.024~
ineh-thick sheets of aluminum alloy, had a chord of 2
feet and a span of 3 feet. The sheets were mounted on
eight 1/4—1nch spanwige stringera that extended through the
tunnel walls. Ohanges in the shape of the model could
be made while the tunnel was runaning by changing the posi-
tilon of the stringers from outslde the tunnel. On each
surface of the model, at the midspan position, were 15
pressure orifices that were connected to a multitube
manometer. 4 sketch of the model 1s given in figure 1.
Although the flexible model was satisfactory for determining
the outlines of the greater part of the section, it was not
sultable for a study of the effects of changes near the
leading edge. The internal shape furthermore did not make
s sultable duect. A4Acoordingly, the investigation was con-
tinned with the use of wooden models.

The wooden models were of 3~-foot span and of approxi-
mately 24=1inch chord or 60-inch chord. They were made in
two sections, each section having a flexible metal trailing
edge that could be used to adjust the slze of the exit for
varying the flow rate and as a eplit flap. The top and
Tottom sections were held together with 1/3-inch plywood end
plateg and several internal steel spacers. A photograph
of a typlcal. 60-inchrchord wooden model is shown in
f’-gnro .



Pressure-distribution measurements were made on the

flexible model by the use of the pressure orifices and on
"the wooden models by means of spall .static-tubes of 0.040«
inch outside diameter, mounted on supports approximately
0.25 inch above the model surface. Pressure distributions
are presented as curves of the pressure coefficient 8
- plotted against chordwise position, It is to be noted
‘that, in forming this coefficient, free-giream total
pressure is used as the reference pressure rather than
free-stream static pressure. 8Surveys in a vertical plane
. at midspan indicated that the flow .was more uniform at the
T exit than =t 'the entrance, Measurements of flow were

therefore made by measuring static. pressure and total
pressure at the center .of. the exit,

Drag wae measured by*the Wake-survey method. The

'Tlintegral of the loss of total pressure in the wake, a

fairly close approximation to. the drag, was measured with
an integrating manometer. {Correéctions to this value were
. Obtained by a method subdstantially egquivalent to that of
..B. M, Jones given in refarence 1, The 1ift was determined
from measurements of"pressures along the floor and roof of
the tunnel. Because the eéntire 1ift was not transferred
to the tunnel wall's within the distance covered by the
~orifices, a correction, determined tqeoretically. was
applied to the measured results to obtainm the total 1lift.
The data presented herein have been corrected for tunnel-
wall effects.

DEVE‘I_-_O.PME"NT" OF NOSE- o’PjijI_NG‘-' AIRFOYL SHAPES

e e St v ey ey

flexlble ‘model’ were faired to obtain a symmetrical shape.
The thickness of this symmetrical shape was then reduced
"to 18.900 percent c. Ordinates for this thickness
distribution, ¢alled airfoil shape 7, are given in table I.
The section was combined with an a = 0.5 type of mean

- 14ine having a design 1ift coeffigient. of 0.2° to obtain

" the ordinates of the model. (See references 2 and 3.)
The chord of the model was 24 inches, '

‘The model was: first tested with a sharp 1eading edge.
The pressure distridution for this condition is given in
figure 3. ' The slight pesk in” the pressure distridution
on the lower surface near ‘th'e leading edge, together with
rather high values ef the drag coefficient. indicated the




desirgbility of. making some modffications ‘to‘the’ 1eading_
edge.'. Rounding the leading edge to- 1/32-inch radins
resulted 1n the 1mproved characteristics shpwn in- f;gures
4 and 5n

In order to check the’ operation of the airfoil sec-
tion in climb with an internal resistance to simulate a°
radiatqr,'screens Ware instaliea that had a pressure drop

.V - '
equal bo ﬂgq when -ﬁgﬂ was equal +0°0.9, Tests were

made t0 determ*ne whether thls flow rate could bve obtalned
at a 1ift coefficient of 0.8. For this series of
measurements, the sheet-metal ' trailing edge on the lower
surface was bent down, forming a 0 15¢ split flap. The
characteristics We"e measured for flap deflections of

11 R 15D :and 30 The resu*te_are given in figure 6._

Tests to determ1ne the maxlmum 11ft coaff;cient of
the sectlon when’ f:tted with e, 0.20c eplit flap deflected
60° were: made in tae WACA. two d1mens1onal tunnel. . The
maximum 1ift’ coeff1\1ept showed little variation with.
Reynolds number.” Removlng the screens also ‘had 1little.
effect. A typlcal 11ft curve show;ng toe peak is given
in flgure 7. s e . o _ PN

Airf01l shane 8 < Airtoil shane 8 was derlved from
an 1mprovement in the fairing of the ordinates of the
flexible model used in deriving airfoil shape 7. ¥o
reduction was made in the thickness,. however,. which.was
the same as that 6f the flexible model, 18.892 percent c.
The ordinates for the symmetrical model are given in
table II Figure 8 shows the sbane of the airfo1l sectlon.

Tests of shape B with the sharp lead1ng edge aave'_}a
results 51m11ar to. the, 1n1t1a1 results obtalned er shape.
7, 1nd1cat1ng that the.sharp leading aige was téo critlcal.
The 1ead1ng edge was therefore rounded to. approkimately
1/32—inch redius (fig. B). Figure 9° shows the pregsure
dlstributlon for ‘the model in this condltlon.- Lift, drag,
duct loss, and’ 1ntake velocity were then measured.~r These
results are given in Figure 10 in nohdimensional form.

In an effort to” increese the 1ow-drag range, the
leading edge was cut’ back 2, 489 percent. .¢  and was faired
to a large radius (fig..s) Ordinates are_given in A
‘table III. Althouzh this channe 1mproved the section . .
characteristics’ (figs. 11 and 12), at least at low e



Reynolds numbers, it affected the pressure distribution
adversely near the leadinz 'sdge, as is seen in figure 9.
For succeeding models, a somewhat smaller leading-edge
radius was therefore chosen. S

Airfoil shape 9.- CAdrfoil shape 9 is the same &8
airfoil shape 8 except for the leading-edge radius, which
is somewhat smaller than the large radius tested om’ shape 8.
The ordinates for shape 9 are given in table IV. 1In order
to obtain results at higher Reynolds numbers, the chord of
this and of succeeding models was increaged to 60 inches.
Lift, drag, duect loss, intake velocity, and pressure '
distribution were measured for- three different widths of
the tail opening.- These results are given. in- coeffic1ent
form in figures 13 to 15.

‘Airfoil shape 10-r Airfoil shape 10 resulted from

an effort to fair an opening of a given size into an NACA
65,2=215 airfoil section with mean line a = 0.8 (refer-
ence 3) without changing the ordinates of the original
section back of the 0.25¢c position. In order to avoid
changing the shape of the mear line, & new symmeitrical

airfoil shape with the desired nose opering was derived,
and this shape was cambered to the original mean line.
This operation was performed by the use of shape 9, redunced
gomewhat in size, as a guide for tne falring'wn the
naighborhood of the leading edge- this" port1on of the
section was then faired into th NACA 65,2-015 section.
A smooth curve was drawn by eye, Joinlng the forward por-
tion of the section with the NACA 65,2-015 section. In
order to checlt the fairness of this curve, a measure of
the curvature at several psints along the surface was
found, and this guantity was plotted against chordwise
position. The measure of the curvature was computed
according to the following formula

b = —{n-1) + y(n+1l
n 2

A

where Jyn is the ordinate at the chordwise position x,.
The various chordwise positions Zya Fgs eee X, must

be”’ equa]ly spaced. The orivinal curve of b against x
was not smooth. It was founa neceesary to . make this:
curve Bmooth in order to obtaln satisfactory pressure
distributions. ~The curve 6f h against X was made
smooth by successive. arbltrary ehanges in the.ordinates.
The trailing edge was cut off at. O 91c to form the rear .-

»



opening. .The resulting symmetrical. section, designated
airfoil. shape 10, for which the ordinates are given in
table V, was then cambered about an & = 0.8 type mean
line with a design 1ift coefficient of 0.2 to obtain the
ordinates of the model tested, = The characterist1p§ of
this section were measured for three different widthg of’
the trailing-edge opening. These results are given in
figure -16. : ' Ce :

In order to datermlne the effect of changlng the.
angle between the line Jjoining the upper~ and lower-
surface leading edges and the chord -linme, tests were made
with the upper and lower surfaces shifted with respect to
each other to give various amounts of stagger. The
original stagger, due to the camter, was 0.265 inch. -
Tests were also made with staggers of 0.53 inch and 1.10
inches. Data for the tests with increased stagger arve
given in figures 17 and 18, The 1ift coefficient as a
function of the angle . ¢f attack for the various test con-
dltlons ig given 1in figure 19 . -

The results of'préssurerdistribution measurements
for shape 10 are given in figure 20, PFizure 21 .gives a
comnarlson between the theoretical pressure distribution
for the NACA 65,2~015 airfoil section and the basic
symmetrical pressure distribution derived from figure 20.

Airfoil shape 11.- Airfoil shape 11 is an airfoil
section of approximately 0.25¢c maximum thickness. The
ordinetes were derived from those of airfoil shape 9 by
increasing the ordinates for shape 9 in the ratio of the
thicknesses of the shapes. The leading~edge radius was
also increased by this ratio. Ordinates for a2irfoil
shape 11 are given in table VI. The usual test results
for this airfoil section are glven in figures 22, 22
and 24,

Airfoil shape 1l2.- Airfoil shape 12 was derived to
study the effect of variations in the size of the opening
in the leading edge. .Shape 12 has the same maximum
thickness as shape 9, but the leading~edge opening has
been reduced from approximately 32.5 percent of the maxi-~:
mum thickness to 23 percent of the maximum thickness.
Ordinates for this shape are given in table VII. The
test results are given in figures 25, 258, and 27.

. Airfoil shaps 13.- Airfoi) shape 13 represents an
effort to obtain an azirfoil section having a very large
opening in the leading edge. It was obtained by simply




-8preading ‘apart the upper and lower surfaces .of airfoil
shape 9. The resulting seoction had a maximum thickness

of approximately 21.7 percent ¢ and an opening in the
“leadingedge of about 41,5 percent 0f the maximum thickness.
Ordinates for shape 13 are given in table VIII,  The test
results are pregsented . in figures 28 to 32, .

DISCUSSION .

. Leading-edge radius.- As stated previously, satis-
factory results were not obtained with the sharp leading
edge. Comparison of figures 3 and 4 shows that the effect
on the pressure distribution of slightly rounding the
leading edge is to el minabe the peak on the lower ‘surface.

Tests through a range of angle of attack however.
showed that the range of 11ift coefficients for low drag
was very small. (See fig. 5.) In order to increase the
range of 1ift coefficients for low drag, the leading edge-
was cut back considerably and rovnded to 2 large radius
as shown in figure B. Although this change improved the-
low-drag range, as is seen in figure 11, it seems proba-~
ble that this radius is too largze because of its adverse
offect on the pressure digstribution shown in figure 9.

It is believed that the low-drag range at higher Reynolds
numbers would be considerably smaller than that shown in
figure 11. : :

An intermediate value of the leading-edge radius was
therefore chosen for airfoil shape 9. Although this .
value of the leading-edge radius may not be preoisely the
optimum, the data indicate that somewhat larger or smaller
radii lead to characteristics ‘less .satisfactory than those
for the intermediate radius.

Flow rate.- The effect of variat1ons in the rate of
-air intake has been studied for a number of the zirfoil
sections. Air must be admitted at the leading edge in
order to obtain satisfactory characteristics. The. mini-
mum rate of intake to obtain low drag, however, depends
upon the particular section. For airfoil shape 9 with a
leading-edge 0opening of.about 32 percent.of the maximum

v L
thickness, this minimum rate 13 a. value of ?ﬁ of approxi-

mately 0 38; for shape 12 with a- leading~edge opening of
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about 23 percent of the maximum ‘thickness, it .is less than
0.27. (See flgs. 13(b). lS(c), ‘and- 25(c) )

In general, the characterlstlcs of the sections’ 1mrrove
with increase in the flow rate up to the point where the
internal duct losses begiy to be serious: that is, the
low-drag range ig increased and the value ¢f the minimum
pressure coefficient is reduced slightly as the flow rate
is increased. It is noted that, although the low-drag
range at first increases rapidly with increase in flow
rate above the minimum necessary to obttain low drag as
seen from the data for airfoil shapes 9 aznd 10. (figs. 13(bv),
13(c), and 16), further increase in thé flow rate heos
little effect as indicated by the data for shane 13
(fig. 25).

In all cases the loss of total pressure in the internal
flow was negligible for a range of 1ift coefficients some-
what in excess of the low~-drag range. PFurther increase ‘in
the 1ift coefficient resulted in a gradually inereasing
loss associated with local ‘separation of the internal
flow at the leading edge.

Airfoil thicknes§.~ The effect of changing the
thickness ratio can be seen from a comparison of the data
for airfoil shapes 9 (figs. 13 to 15) and 11 (figs., 22
to 24). Increasing the thickness results in arn increase
of the low-drag range for a given ratio of opening to
maximum thickness. Although the minimum pressure peak of
shape 11 was higher than that of shape 9, the increase is
not so much as would be expected from a corresponding
increase in the thickness of a plain airfoil section.

In this connection it should be noted that both shape 9
and shape 11 have consideradly lower peak pressures than
would be found on plaln airfoil sect1ons of the sagme
thickness.

As previously stated, shape 11 was derived from
shape 9 simply by multiplying the ordinates of shape 9 by
the desired ratio of thicknesses. Another method of
increasing the thickriess is 111uscrated by shape 13. Ia
this case the upper and lower surfaces were separated by
a constant amount. Ths data for shape 13 (figs. 28 to 30)
are very similar to ‘those for ‘shape 9, in spite of the
- fact that the thickness has been increased from about 19
0 22 perceiit and theé ratio of the size of the leading~-
edge opening to the maximum thickness has been increased
from approximately 32.5 to 41.5 percent. It 'is signifieant
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that the peak pressure for shape 13 is practically the
- same as that' for- shape 9.

Size of leadingr dve Openzng.r Tna effece of varying

the aize of the opening in the leading ‘edgé while the |
maximum thickness is kept: constant can be-seen from a
comnarison of the data for airfoil shapes 9 and 12 \figs. 13
to 15 and 25 to 27). Shape .9, tigs a leading-edge opening
approximately: 32.6 percent of ‘the maximum’ thickness, and

the opening in shape 12 is approx1mate1y 23 percent of the
maximum thickness. The data indicate that the smaller
opening 1s much less eritical to: flow Pate and change of
angle of attack than the larger opening. It is felt that
shape 9 has ahout the largest-size opening in the leading

edge that can be placed in a section of its thickness

while still maintain*ng favoratile aerodvnamic characteristics.

There 1is some 1ndicat10n that the 1ow-drag range is
strongly 1nf1uenced by tue slope 9of the external contour
in the neighborbood of the leading edge. Decreasing the.
size of the opening and increasing the thickness of the
airfoil section both have the effect of increasing the
slope near the leading edge. This larger slope has a
tendency to increase the low-drag range. The conclus1on
should not be drawn, however, that this slope can be.
"'indefinitely increased, because it becomes difficult to
fair the forward portion of the section into a shape of
reasonable thickness without causing pressure peaks to
occur a short distance f*om the lead*ng edge.

_ Pressure aistr1bution.— Gnmparison of the pressure
dlstr1butions for the various, shapes with those for plain
airfoils of corresponding th1cknéssés shows.that. the values
of the minimum pressure coefficient for many of the noge-
opening shapes are considerably lower than those for the
plain airfoils. - 48. .2n. example, airfoil shape 13, which.
is 21.774 percent thick, has approximately the same value
‘of the minimum pressure -coefficient as the NAC4 66,2-016
.airfoil section at zero 1ift, 4 lcwer value of the peak
pressure is-of ‘importance because it indicates an increase
in the critical -compressibility speed of the section.
This increase enables the designer to use a thicker section
than would otherw1se prove feaﬂlble.

-The theoretlcal pressura dxstrlbutlons given for -
comparison with . .those for the vnrlous rnose-opening shapes
are the pressure distributions for NACA low—~drag airf01ls
having the sgme thickness ratio 2s "those of -the nose-
opening shapes, except in the:casé of shape 10. TFigure
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21 glvss a compa:rison betyeen alrfoil sha.peLIG tnd the NACA 65,2—015
airfoil section. Ip this figure,the -tralling wdge of shape 10 '
correspends to a value of 0.9] for x/c, and the trailing edge. oi'

the NACA -65,2-015 airfoll corresponds, to & value of: 1.0 for x/c.

The * actusl thickness retio of shape 10 is , of course, greater than .
0.5 because the ¢hord has ‘been decreased by 9 percent. This
com_pa.rison shows that the minimum pressure coéi’ficient for a nose-
opening shape is very nearly the same as that -of _the plain section
into which 1% fairsj that is, no considersble increases in critical
compressibility speed.s are to be expected from nose-opening séctions
derived by modifylng cnly tho 1sading edge oi' the original pla.in
. airfoil section.

Maximhm 11ft.- As stated in the Introduction it is felt that’
the effeot of nowe-opening seétions on maximum lift can begt be
"‘found from tests of a complete airplano model rather than from -
tests of a two-~dimensionel model of. the nose+«alr intake sectlon.
Such testa have hot yet been made. . Some preliminary checks, however, -
indicate that the possible decreases in maximum 1ift Bhould not =
be large. The maximum 1fft of alrfoil shape 7- vwhen fitted with
& 20-percent-chord split flap deflected 60° is seen from figure 7T
to be 2.15. Measurementa of the maximum 1ift of shapo 1l cambsred
for a design ¢; of 0.4 with an .a = 1.0 type mear line gave a

value of 1.4l at a Reynolds number of 6 X 10e as compared with 1l.k2
at the same Reynolds number for en FACA 65,2-422 alrfoil section
with en a = 1.0 type mean line. The maximum 1ift of an

NACA 65,2-215, & = 0.8, alrfoll section was measured with nose- .
opening shape 10 extand.ing over approximately 11 percent cf. the span
of the model. No change in the maximum lift was observed in this
case. Such data,however,are-too incomplete to drew any. conclusions
as to the possible effect of lsa.d.'l.ng-ed.ge openings on tha maxlmum
1lift characteristics of the complete wing.

Drag.- The values of the drag coefficient of nosg-qpening
sectlons in the low-dreg range ave practlcally the same es those:-;
of the corresponding-low-drag sections. Figure 31 gives a comparison :
between airfoil shape 10 and the NACA 65,2-215 airfoil section. - -
It 1s ceen that the low-drag range is somewhat less than that of the
original sectlon and that thée drag outside of the’ low-drag range
increases at a greater rate with 11ft coefficient than for the
plain section. A large part of this increase in drag is due to
the internal losses that occur at angles of attack outside of the
low-drag ranges The data indicate. that the low-drag range increases
(a) with inoreasing flow ate, (b) with deoreasing entrance size.
for sections of a given thickness,-and (c) with increasing thickness
"if the ratio of ‘the *wid.th of the opening to 'the maximmn thickness

A}

+69-1
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18 maintained oonstant. Of the shapes tested. the largest- lov-
dra.g ra:nse was shown by shapa 11 with a 11ft-coecf‘ficient range

for Jow drag of Ok vith & 3;3_1 of OB (fig. 22(a)).’ S

ication.~ Tt appears from the presént data. tha.'b the prope:r
use of the nose-opening seotions presented in this report can lead
to cooling installations having practically no additional external
drag in the range of 1lift coeffidients for high-speed and crulsing
flight. Although most of the alrfoll shapes for which data are
glven are symmetrical, these shapes can be treated in the same
menmer as any othex low-drag type symmetrical sections that is, the
“symmetrlical shapea can be combined with & mean line ha.v:l:ng the
desired design 1ift in order to shift the range of 1lift coefficients
for low drag and effioient internal flow, as is indicated by the
‘data for shape 10. (See fig, 16(a).) S%aggering the opening had an
effect similar to the effect of an increase in the canmber, only
.. smaller. Results showlng the effect of various amounts of stegger
* are glven in'figures 16(b), 17, end 18,

If 1t 1s dpslred to falr nose-opening shapes Into existing
alrfoll sectlons, it is recommended that e procedure similar to
- that used in the derivation of shape 10 be employed. In particular,
it is usually desirable not to alter the shape of the originel mean
line and to be certaln that the variation of curvature alonrg the
surface is smooth and contlmious.

Because the amount of air required for cooling in the climb
condition is nearly as much as is required In the high-speed
condltlon, the intake-velocity ratic in the climb conditlon must
be considerably greater than for the high-speed conditions. Tests
of alrfoll shape 7 with an internal resistance having a pressure

V.
drop of -gq at an intake-velocity ratio --v_E of 0.9 showed the

possibllity of obtaining high intakervelocity ratios at high 1ift
coefficients. Interpolation of the results glven in figure 6 shows

that a flow rate % of 0.9 ocan he obtalned at a -lift coefficlent

of 0.8 with a combined cooling control end a split flap deflected 17.2°.
An analysis of the drag data obtained from this series of tests
indicates that the external drag caused by deflection of the flap is
much less than that ordinarily asscciated with the deflection of a
split £lap; in fact, the increase in total drag 1s the increese that
could be associated with the internal logses. This result 1s
reasonable because the flow over the upper surface of the flap was

not stalled.



%

A Pew short tests were made to determrine sultehle methods of
ending the opening end falring the nhose-opening shape into the
wing in the spanwlse direetion. These tests lndlcated that the
opening should be olosed. gradually in a length equal to atleest
twice the maximum height of the opening. Semicircular or ellipticel
ends were unsatisfactory. .

CONCIUSIONS

1. Alrfoll sections of the low-drag type, suitable for admliting
air at the leadlng edge without subastentiel increase in drag, have
been doveloped. :

. 2. Many of the. sepctions tested appear to have higher critical
compressibllity speeds than plain seclions of the same thickness.

3. Low-drag sections have been developed that have openings in
the leading edge as large as 41.5 percent of the maximum thickness.

4. The range of 1lift coefficicnts for low drag in several cases
" 1s nearly ag large as that of the-corieasponding plaln airfoll section.

5., The measurements of mexlmum lift characteristics were too
Incomplete to draw any conclusions regarding the effect of leading-
edge openings on the maximum 1ift characteriastice of tho complete wing.

Langley Memorial Aercnautical Laboratory,
Rational Advisory Commlttee for Aeronautics,
Langley Fleld, Va.
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NACA

THICEKNESS ORDINATES, NOSE-OPENING
AIRFOIL SHAPE 7 C

TABLE I

vox .. 3
(percent c) (percent c) ..
0. - 247535 .. -
L5 - * 3084 ¢
E 1 k 3292
1.25% 5-_ 559
"2.5 Lo
5.0 k925
Te5 5.440
- 10 '5.880
15 6,608
20 . T.188
25 7.612
30 T+935
35 8.222
Lo 8.388
L5 8.hi50
50 8.0
55 8.210
60 7.808
65 T.228
70 6,520
75 5.677
80 k770
85 3,872
90 2,960
95 2,040
100 1,250
Nose opening in peroent of maxlmum
thickness: 32,580
TABLE III

THICKNESS ORCINATES, LARGE LEADING-EDGE-RADIUS
NOSE-OPENING AIRPOIL SEAPE 8

x "
(percent c)

; .
(percent o) -—_I

95
100

3.3
3.772
4,038
L.2L5 ,
11,908 |
54337 !
5.978 !
6.505 !

i

!

!

Te353
8.000
8.478
8.902
9,222 i

9,386 i

9. hk6
9.348
94159
8,913
8,484
T.793
6,843
5.807 ;
Lo7ks5

3,701
2.402
1.339 i

2.772

Location of leading-edge radius:

3.113

Leadi ng-edge radius:

0.283 percent o

TABLE II

"' THICKNESS ORDINATES, SHARP-LEADING-EDGE

NOSE=OPENING AIRFOIL SHAPE 8

THICKNESS ORDINATES, NOSE-OPENING

AIRFOIL SHAPE 9

x Y
(percent ¢c) (percent ¢)
0 3,000 .

SLe . Bebs1 - 2

«757 3.625% -

1.25 - 34935
2.5 ¢ L.500
5.0 . 5.352
Te5 5.978
10 - 63505
15 . . 70355 °
. 20 8.000
25 8.k78
30 .8.902
z5 9.222
4o - 9.386
L5 9.446
50 .- 94348 v
55 - 94159
60 8,913
65 8.48)
70 TeT93
75 6.843
80 54807
85 Lo7hs
90 3.701
95 24402
100 L 1.339
Noae opening in percent of maximum
thickness: 21,760 )
TABLE IV

x
(percent ¢)

¥
(percent c¢)

0
5
#75

1.25
2.5
5.0
745

10

15

20

25

30

95
100

3.343
3.835
3.976
L.228
L.7hs
5.532
6.137
6.652
74467
8.098
8,593
8.965
9.22l
9+379
94435
94391
9,240
8.966
8.510
7.804
6.818
5.816
L.679
3,522
2.387
1.31h

Leadingw-edge radlus:

0,251 percent o

0,251

3343

0.407

Location of fairing polnt in openins:

3.067

4

Location of leading-sdge radius center:,

a

thickness:

"Nose opening In percent of maximum
3541356

32507

Nose opening in percent of maximum
thickness:

1




TABLE VI
THICKNESS ORDINATES,
ATIRFOIL SHAP

NOSE~-OPENING
E1N

WACA TABLE V
THICKNESS ORDINATES, NOSE=OPENING
AIRPOIL SHAPE 10
[ x y

(percent ¢) {percent c)
0 2,001
5 2,409
s .15 2.546
1.25 - 2,785
2.5 3.26h
5.0 34979
Te5 L.552
10 5.06)
15 5494l
20 6.660
25 T.235
30 7.678
35 . T+993
4o 8.180
L5 8.240
50 8.163
55 7.906
60 7.439
65 6.798
70 6.030
75 5.182
8o L.286
85 3.369
90 2.h52
95 1.616
100 { 877

x 1
(percent ¢) l

b4
{percent c)

Leading-edge radius:

0.151 percent o

0 L.Loy
-5 5.052
-5 5.238

1.25 5.570

2.5 6.251

5.0 7.287

7.5 8,08

10 8,763
15 9.836
20 10,668
25 11,320
30 11.810
35 ] i 12,151
Lo : 12.355
ks | 12.429
50 i 12.371
55 12,172
60 ! 11,811
65 ; 11,210
70 10,280
5 9.060
80 T.661
85 | 6,160
90 ' L.640
95 } 3,144
100 1.731

Leading-edge radius:

0.331 percent c

Location of leading~edge radlus center:

Locatlon of leading-edg

e radius center:

0,151 2.001 0.%31 Lol
. Location of fairing point in openings Location of fairing coint in opening:
0.2l 1.836 0.536 11040
Nose opening in percent of maximum | Nose opening in percent of maximum
thiclmeas: 22,282 thickness: 32,505
TABLE VII TABLE VIII
THICKNESS ORDINATES, NOSE-OPENING THICRNESS ORDINATES, NOSE-CPENING
AIRFOIL SHAPE 12 ATRFOIL SHAPE 13
x M | } x y
(percent c) (percent c) | (percent c) (percent c)
0 2,378 f’ 0 4.795
.5 3,163 i .5 5.287
.75 3.352 i .75 . 5.428
1.25 3,667 | 1.25 | 5.680
2.5 L.26L 2.5 : 6.197
5.0 5.111 5.0 6.98Y
7.5 5.819 7.5 7.589
10 6,392 10 8.10l
15 T.291 15 8.919
20 e 982 20 5.550
25 8.521 25 10.045
20 8.925 30 10.117
35 9.206 %5 10.676
Lo 9.375 yo 10.821
L5 9.435 45 10.887
50 9.391 50 i 10.843
55 9.240 55 ! 10.692
2g g.ggg 60 10,418
. 962
70 7.804 $3 3.356
75 6.878 75 8.330
80 5.816 80 7.268
85 4.679 85 6.131
90 3522 90 Lol
95 2.387 95 3.839
100 1.31h 100 2.766

Leading~edge radius:

0.179 percent o

Location of leading-edge radius center

0.179

2.378

Location of fairing point in opening:

0,290 2,182,
Nose opening in percent of maximum
thickness: 23,122

lLeading-edge radlus:

0.251 percent ¢

"

Location of leading-edge radius center:

0.251

4.795

Loestion of fairing point in opaniug:

0.407

4. 52

Nose opening in pero
thickness: 41.508

ent of meximum
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Figure 2,
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HACA Figs. 3,4
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Figure 3.- Pressure distribution for alrfoll shape 7 cambered for c¢p = 0.2 wi
sharp leading edge. a, 0°; V. /v, 0.426; Ay/An, 0.439; R, 2.02 x 10°,
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Figure l.~ Pressure distribution for airfoil shape 7 cambered for ci3 = 0.2.
Leading-edge radius, 1/32-inch; a, 0°; Vo /V, 0.1263 Ag/An, 0.439;
R, 2.02 x 106,
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Pigure 5.- Section characteristics for airfoll shape 7 cambered for o; = 0.2. Small

leading-edge radius.
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Pigure 7.- Section 1lift coefficilents for airfoll shape 7 cambered
for o3 = 0.2 with 0.20c split flap deflected 60°,
Two 30.mesh screens to simulate cooling resistance.
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Figure 8.- Airfoil shape 8 showing several leading-edge shapes and typical internal duct.
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WACA : Figs. 10,11
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Figure 10.- Section characteristics for airfoil shape 8 with small nose radius.
Ap/An, 0.536; R, 2.27 x 106,
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Figure 1ll,~ Section characteristics for airfoll shape 8 with large nose radius.
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Figs. 16a,b
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Figure 17.- Section characteristics for airfoil shape 10 at R = 6.43 x 106 and with a
stagger of 0.53 inch. Ag/A,, 0.538.
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Figure 31, Comparison of low-drag range for airfoll shape 10 from figure 16 and

NACA 65,2-215 airfoll section, R, 6.7 x 106,
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Figure 27.- Pressure distributlions for airfoil shepe 12, a, 0°; R, 6.43 x 106,
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Figure 28.- Section characteristics for airfoil shape 13. Ag/An, 0.6T13 R, 6.43 x 106,
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Flgure 29.- Section 1ift 'coorrioiontq for airfoil shape 13,
Vo/V, 045603 Ag/Ag,” 0.671; R, 6.143 x 106,
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Figure 30.,= Pressure distributions for airfoil shape 13,
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¥agure 30.~ Concluded.
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